Respiratory pathogens are a major cause of morbidity and mortality in humans and animals, making the development of efficacious vaccines that protect against these infections a top priority. Bordetellae are small, aerobic, gram-negative coccobacilli that colonize the respiratory tracts of humans and animals (31) . Bordetella pertussis infects only humans and causes the acute respiratory disease whooping cough (6) . Bordetella parapertussis strains can be divided into two genetically distinct types: those which infect humans, causing a pertussis-like illness, and those which cause respiratory infections in sheep (22, 38) . Bordetella avium infects mainly commercially grown turkeys and wild and domesticated birds (43, 45) . In contrast, Bordetella bronchiseptica has a broader host range and is considered a cocontributor to a number of respiratory syndromes in agriculturally important and food-producing animals, pets, and nonhuman primates (17) . B. bronchiseptica is also a primary etiological agent and/or a predisposing factor that results in porcine reproductive and respiratory disease complex, pneumonia and atrophic rhinitis in swine, infectious tracheobronchitis (i.e., kennel cough) in dogs, and bronchopneumonia in sheep, guinea pigs, rats, mice, rabbits, cats, and nonhuman primates (5, 31) . According to the 2000 National Animal Health Monitoring System (NAHMS) survey, respiratory disease was the greatest cause of mortality in swine, accounting for 28.9% of nursery deaths and 39.1% of deaths in grower/ finisher pigs. The annual economic impact of atrophic rhinitis and porcine reproductive and respiratory disease complex in the United States alone is estimated to be about $17 million and $40 million, respectively. B. bronchiseptica is also capable of infecting humans, mostly immunocompromised individuals with AIDS or cystic fibrosis (14, 26, 46, 52) , although it was recently isolated from an immunocompetent individual (39) .
Currently available and proposed vaccines against this pathogen include live, attenuated, heat-killed, or genetically modified bacteria (2, 30, 32, 48, 49) . Problems associated with these various whole-cell vaccination approaches include the following: persistence of the vaccine strain in animals, poor induction of an antibody response and/or protective immunity, and retention of some of the virulence characteristics by the vaccine strains (2, 30, 32, 48, 49) . The genetic mutations that result in the attenuation of many of the commercially available live, attenuated vaccines are unknown, making it likely that these strains may revert to virulent forms because of survival pressures in the host, such as coinfections with other pathogenic organisms. B. bronchiseptica can predispose animals to other infectious agents or exacerbate disease symptoms. For example, B. bronchiseptica colonization leads to increased severity of canine parainfluenza virus 2 infections and predisposition of pigs and rabbits to subsequent Pasteurella multocida colonization (8, 12, 15) . Infection of porcine tracheal rings with B. bronchiseptica has also been shown to enhance the adherence of P. multocida bacteria (13) .
Despite vaccination, animals continue to be carriers, resulting in outbreaks among herds. For laboratory animals like rats, mice, and rabbits, experimental infection with B. bronchiseptica results in a chronic and asymptomatic colonization of the upper respiratory tract. We have been able to isolate B. bronchiseptica from the rat nasopharynx even 85 days after inoculation (our unpublished results), and this bacterium has previously been reported to exist in this site for the life of the infected animals (30) . Theoretically, persistent colonization of the upper respiratory tract of the animals vaccinated with live or attenuated strains can create a reservoir of infectious bacteria from which animal-animal and zoonotic transmission can occur. Although transmission of a vaccine strain to humans has not been experimentally proven, a number of such human cases have occurred in individuals exposed to infected, sick, or recently immunized farm and companion animals (20) .
We propose that an effective acellular vaccination regimen capable of providing long-lasting protective immunity will limit the spread of B. bronchiseptica not only among animals in a herd but also from animals to humans. For B. pertussis, there has been a shift to acellular vaccines because of the high frequency of side effects and multiple adverse reactions associated with the whole-cell vaccines (34) . Similarly, development of acellular vaccines capable of protecting against B. bronchiseptica should be given a priority.
BcfA (Bordetella colonization factor A) is an outer membrane protein which is positively regulated by the BvgAS signal transduction system (50) . We were encouraged to examine the role of BcfA in protective immunity because our previously published research revealed its role in the colonization of the rat trachea. In addition, sera from rats infected with B. bronchiseptica specifically recognized BcfA (50) . In the current report, we have evaluated the immunogenicity and protective efficacy of BcfA in an intranasal mouse model of respiratory infection. Both active and passive immunization with BcfA provided protection against subsequent intranasal challenge with B. bronchiseptica, which significantly correlated with the production of subclasses of immunoglobulin G (IgG) antibodies with high opsonic activity. Our results also suggested a role for a Th1-type cellular response in BcfA-mediated protection. Finally, we demonstrated that BcfA is expressed by multiple clinical isolates of B. bronchiseptica. Data presented in the current study underscore the potential utility of an acellular vaccine approach for B. bronchiseptica and highlight the importance of BcfA as a critical protective antigen against B. bronchiseptica infections.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains used in this study are listed in Table 1 . The wild-type B. bronchiseptica strain RB50 and the isogenic mutant strain RKD110 (⌬bcfA) have been described previously (50) . The clinical strains of B. bronchiseptica were a kind gift from T. L. Nicholson and K. Register at USDA-ARS. All the strains were maintained on Bordet-Gengou agar (Becton Dickinson Microbiology Systems) containing 7.5% defibrinated sheep blood (BG-agar). For RB50 and RKD110 (⌬bcfA), BG-agar was supplemented with 50 g/ml of streptomycin (SM) (Research Products International Corp.). For animal inoculations, single colonies of RB50 were inoculated into Stainer-Scholte broth (47) and cultured overnight, followed by subculturing to an optical density at 600 nm (OD 600 ) of Ϸ1 at 37°C.
Overexpression and purification of BcfA. For overexpression of BcfA, Escherichia coli BL21(DE3)/pLysE cells containing the previously described bcfA overexpression plasmid, pNS101, were used (50) . Bacterial growth conditions, protein induction, and cell extract preparation were carried out as described previously (50) . BcfA was purified using a T7 tag affinity purification kit (Novagen) as described previously (50) .
Mouse immunizations. Five-to six-week-old female C57BL/6 mice were obtained from Charles River Laboratories. All experimental procedures were performed in compliance with institutional regulations and were approved by the animal care and use committee of the Wake Forest University Health Sciences (WFUHS).
Active immunizations. Groups of four C57BL/6 mice were intraperitoneally injected with 10 or 30 g of purified BcfA adsorbed to 50 g of alum (Sigma). The control group of mice received 50 g of alum only. Three weeks later, all the mice received another dose of the respective immunogen. A week after the second immunization, mice were sedated with isoflurane (Abbott Laboratories) and challenged intranasally with 5 ϫ 10 5 CFU of RB50 in 25 l of sterile phosphate-buffered saline (PBS). The number of CFU delivered was confirmed by plating an aliquot of the inoculum on BG-agar containing SM. One and 6 days postchallenge, mice were sacrificed and the nasal septums, tracheas, and left lungs were harvested. Colonization levels were determined by homogenizing these tissues in sterile PBS and plating various dilutions of the homogenates on BG-agar containing SM. Prior to the second immunization (post-first dose) and at the time of challenge (post-second dose), blood was drawn from the tail to collect serum for enzyme-linked immunosorbent assays (ELISAs).
Passive immunizations. BcfA hyperimmune serum was generated in rats by Covance as described previously (50) . Excised pieces of standard sodium dodecyl sulfate (SDS)-polyacrylamide protein gels containing the band corresponding to the BcfA protein were utilized to immunize rats for the generation of anti-BcfA antibodies. Preimmune serum was collected from these rats prior to immunization with BcfA. Since we were not able to obtain enough preimmune serum, naïve rat serum (Invitrogen) was utilized for some of these experiments. To obtain anti-B. bronchiseptica sera, rats were intranasally infected with RB50 and convalescent phase serum was collected 30 days postinoculation.
Groups of five C57BL/6 mice were intraperitoneally injected with 200 l of either anti-BcfA sera, anti-B. bronchiseptica sera, preimmune serum, or sterile PBS. Three to 4 h later, they were intranasally challenged with 5 ϫ 10 5 CFU of RB50 in 25 l of sterile PBS. Mice were sacrificed 3 and 7 days postchallenge, and colonization levels were determined as described above.
Lung histopathology. The right lungs from all mice were immersed in 10% neutral buffered formalin (EMD Chemicals, Inc.) just after sacrifice for at least 24 h, trimmed, embedded in paraffin, processed routinely for histology, cut at 4 to 6 m, stained with hematoxylin and eosin, and examined by light microscopy. The sections were scored qualitatively for inflammation and injury, degree of overall cellularity, thickness of alveolar walls, bronchiolar and vascular degeneration, edema, hemorrhage, and degree and type of inflammatory cellular infiltration by N. Kock, a board-certified veterinary pathologist, in a blind manner. (23, 29) . Growth of these and purification of RB6-8C5 monoclonal antibodies were performed as described previously (23, 29) . For in vivo neutrophil depletion, groups of five C57BL/6 mice were intraperitoneally injected with 1 mg of RB6-8C5 monoclonal antibody. Previous studies have shown that this treatment regimen is able to deplete neutrophils for 1 to 2 weeks in mice (28) . A separate group of mice was injected with 1 ml of sterile PBS. To determine the efficiency of neutrophil depletion, blood collected from the tails was analyzed by IDEXX Laboratories for complete blood cell counts. The treatment was found to be 98% effective in depleting neutrophils (data not shown). One day postadministration of RB6-8C5 antibodies, mice were intraperitoneally injected with 200 l of either anti-BcfA sera or naïve rat serum. Three to 4 h afterwards, they were intranasally challenged with 5 ϫ 10 5 CFU of RB50 in 25 l of sterile PBS. Two days postchallenge, they were sacrificed and colonization levels were determined as described above. We were unable to extend the infection of neutropenic mice with B. bronchiseptica beyond 2 days, because four of five mice succumbed to infection by 3 days.
ELISAs. Serum and lung homogenate antibody responses to BcfA were quantified by coating 96-well flat-bottomed Nunc-Immuno plates (Nalge Nunc International) with purified BcfA protein. The plates were incubated at 4°C overnight in a humidified chamber. The wells were then washed three times with PBS containing 0.05% Tween 20 (PBST) (EMD Chemicals, Inc.). Blocking for nonspecific interactions was carried out by the addition of 200 l of 5% milk in PBST per well, and plates were incubated at 37°C for 1 h. Lung homogenates or serum (100 l) from immunized mice or BcfA hyperimmune serum at various dilutions was added, and plates were incubated at 37°C for 2 h. Wells were washed three times with PBST, and bound antibodies were detected using horseradish peroxidase-conjugated goat anti-mouse (Bio-Rad Laboratories) or goat anti-rat IgG (Rockland, Inc.) (1:2,000) antibodies. Plates were washed five times with PBST and 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma) was used as the substrate. Absorbance at OD 450 was determined using the Labsystems Multiskan Plus plate reader. Absorbance was plotted against dilution, and the end-point titer was determined as the inverse of the highest dilution, giving an OD 450 reading four to five times above the background. Negative titers were plotted as zero.
Specific class and isotypes of antibodies present in BcfA hyperimmune serum and serum from BcfA-immunized mice were determined using the rat and mouse Ig isotyping ELISA kit (BD Pharmingen), respectively, according to the manufacturer's instructions. Titers of the respective isotypes in the preimmune serum from rats or serum from alum-immunized mice were assayed by ELISA, and the OD 450 values from these were subtracted from values obtained for BcfA hyperimmune serum and serum from BcfA-immunized mice, respectively. The resulting values were then plotted against the dilutions, and the end-point titer was determined as the inverse of the highest dilution that gave an OD 450 reading four to five times above the background. Negative titers were plotted as zero.
Opsonophagocytosis assay. The murine macrophage cell line J774A.1 and murine monocyte/macrophage cell line RAW 264.7 were cultured in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (HyClone) and 4 mM L-glutamine (Invitrogen). Approximately 2 ϫ 10 5 cells were seeded into wells of a 24-well cell culture plate (Corning Incorporated) and incubated overnight with 5% CO 2 . For the opsonophagocytosis assay, BcfA hyperimmune serum and naïve rat serum were heat inactivated by incubation at 55°C for 15 min. RB50 or RKD110 (⌬bcfA) was grown to an OD 600 of 1, and Ϸ2 ϫ 10 6 cells were incubated with heat-inactivated BcfA hyperimmune serum (at 1% or 10%), naïve rat serum (10%), or PBS in 100 l at 37°C for 30 min. The assay was performed by incubating macrophage cells with the above-mentioned mixture of serum or PBS containing bacteria for 1 h. This was followed by gentamicin (100 g/ml) (Invitrogen) treatment for 1 h to kill the extracellular bacteria, washing twice with PBS to remove adherent bacteria, and lysing with water, and different dilutions were plated to enumerate the number of phagocytosed bacteria. The fold CFU for each treatment was calculated by dividing the intracellular CFU obtained from different serum groups by the CFU obtained from the PBS control. The assay was performed in triplicate and repeated two to three times.
T-cell cytokine assays. Groups of five C57BL/6 mice were immunized at 0 and 3 weeks with two doses of either 30 g of BcfA adsorbed to alum or 50 g of alum only, as described above. Two and 4 weeks after administrations of the second dose, mice were sacrificed and spleens were harvested. Spleens were homogenized in RPMI medium (Invitrogen), and red blood cells were lysed using ACK lysing buffer (Lonza). Splenocytes were counted, and approximately 2 ϫ 10 6 cells were added to each well of a 96-well plate in RPMI medium supplemented with gentamicin. The splenocytes were restimulated with 10 g of purified BcfA protein or medium alone. Supernatants were harvested after 72 h of incubation and analyzed for gamma interferon (IFN-␥), interleukin 4 (IL-4), IL-10, IL-12, and tumor necrosis factor alpha (TNF-␣) production using respective ELISA kits (BD OptEIA) according to the manufacturer's instructions. Using the standards provided with the kit, a standard curve was plotted for each cytokine, and the respective cytokine concentrations in the samples were derived from the standard curve.
SDS-PAGE and immunoblot analyses. Membrane fractions were prepared from different B. bronchiseptica strains as described previously (50), resolved using SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes (Osmonics, Inc.), and probed with enriched antiBcfA antibody (1:5,000). Anti-BcfA serum was enriched by repeated incubation with overnight cultures of RKD110 (⌬bcfA) for 3 to 4 h as described previously (50) . Goat anti-rat IgG (Rockland, Inc.) conjugated to horseradish peroxidase (1:2,000) was used as the secondary antibody, and proteins were detected using the Amersham ECL system.
RESULTS
Active immunization with BcfA induces protective immunity against B. bronchiseptica infections. We have previously demonstrated that the outer membrane protein BcfA promotes colonization of the rat trachea (50) . Our results also suggested that BcfA-specific antibodies were produced during infection of animals with B. bronchiseptica (50) . Therefore, we hypothesized that the immune response elicited against BcfA will provide protective immunity against subsequent B. bronchiseptica infection. To examine this hypothesis, mice were intraperitoneally injected with two doses of either 10 or 30 g of purified BcfA adsorbed to alum. One week after the second immunization, mice were challenged with RB50 utilizing an intranasal inoculation regimen that seeds and leads to colonization of the entire respiratory tract (30, 44) . In control mice receiving only alum, high numbers of bacteria were recovered from the noses, tracheas, and lungs at 1 and 6 days following challenge ( Fig. 1A and B, respectively) . Three out of four control mice showed signs of bordetellosis, and one mouse succumbed to the infection at 6 days postchallenge. In contrast, mice immunized with either dose of BcfA did not display any signs of bordetellosis and had remarkably lower bacterial burdens at both time points postchallenge (Fig. 1) . The reduction of colonization due to immunization with BcfA was most dramatic in the lungs and tracheas and at 6 days postinoculation. Half of the mice immunized with the lower dose and all of the mice immunized with the higher dose of BcfA had no detectable bacteria in their lungs (Fig. 1B) . Both of the immunizing doses resulted in lowering of bacterial burdens in the tracheas of all of the vaccinated mice (Fig. 1B) , and two of the four mice were cleared of bacteria from this site. Although immunization with BcfA conferred protection against nasal challenge, compared to the other respiratory organs, there was only a modest reduction in the bacterial burden. This observation is consistent with the fact that B. bronchiseptica is extremely difficult to clear from the nose (18) . Our results thus demonstrate that immunization with BcfA elicits immunity that is protective against B. bronchiseptica infections.
Immunization with BcfA reduces lung pathology in B. bronchiseptica-infected mice. Infection of mice with B. bronchiseptica results in significant lung pathology and inflammation (21) . We next sought to determine whether the reduced morbidity observed as a result of B. bronchiseptica infection in BcfAvaccinated mice, compared to that observed in the control mice, correlated with reduced pulmonary injury. Lungs from both groups of mice were excised at 6 days following challenge with RB50 and examined microscopically. Control mice had pneumonia, characterized by extensive neutrophilic infiltration of the parenchyma ( Fig. 2A) , while BcfA-immunized mice had only modest cellular infiltration (Fig. 2B and C) . Injury scores from both groups are given in Table 2 . Those of the control mice averaged 10.0, while those immunized with 10 or 30 g of BcfA were markedly lower at 3.0 and 2.7, respectively. This attests that immunization with BcfA considerably diminishes the pulmonary injury in mice infected with B. bronchiseptica.
Immunization with BcfA induces high antibody responses. Our next objective was to evaluate whether immunization with BcfA was able to induce the production of specific antibodies in mice. A single dose of either 10 or 30 g of BcfA elicited high levels of anti-BcfA IgG in the sera (Fig. 3A) . After administration of the second dose of BcfA, IgG levels were much higher, indicating a booster effect. In control mice, the antiBcfA IgG titers were at undetectable or background levels (Fig. 3A) . While immunization with BcfA resulted in the induction of specific IgM antibodies in three of the immunized mice, IgA antibodies were not detected (Fig. 3B) . We also determined the levels of the different subclasses of anti-BcfA IgG antibodies. While IgG1, IgG2b, and IgG3 anti-BcfA antibodies were detected in the sera of some of the BcfA-immunized mice, IgG2a was detected in all of the immunized mice.
We also assayed lung homogenates from immunized mice 6 days postchallenge with RB50 for antibody production.
Whereas BcfA-immunized mice generated a dose-dependent antibody response in the lungs after infection with RB50, mice which received only alum or PBS had considerably lower levels of anti-BcfA antibodies (Fig. 3C) . Therefore, these results are consistent with the conclusion that clearance of B. bronchiseptica from the lower respiratory tract correlates with the presence of high levels of specific antibodies in both the sera and the lung homogenate.
Passive transfer of anti-BcfA antibodies provides protection against B. bronchiseptica challenge. A critical role for antiBordetella antibodies in both vaccine-and infection-induced immunity against B. bronchiseptica has been demonstrated (18, 27) . We hypothesized that passive immunization with antiBcfA antibodies would protect mice against B. bronchiseptica challenge. For production of hyperimmune serum, rats were immunized with excised polyacrylamide gel fragments containing the recombinant BcfA protein, and preimmune and immune rat sera were generated as described in Materials and Methods. We have previously shown that this polyclonal serum specifically recognizes BcfA (50) . ELISA showed that while antibody titers specific for BcfA were very high (Ϸ1:70,000) in immune rats, the levels of these specific antibodies were undetectable in preimmune rats.
For passive immunization experiments, groups of five mice were intraperitoneally injected with either the BcfA hyperimmune serum, preimmune rat serum, convalescent-phase serum (from rats infected with B. bronchiseptica for 30 days), or sterile PBS 3 to 4 h prior to challenge with 5 ϫ 10 5 CFU of B. bronchiseptica. Three and 7 days postchallenge, mice were sacrificed and bacterial burdens in the different respiratory organs were enumerated as described in Materials and Methods. At 3 days postchallenge, mice that received the BcfA-specific serum harbored lower bacterial burdens in both their tracheas and lungs than mice that received only PBS (Fig. 4A) . At 7 days postchallenge, the numbers of bacteria recovered from these sites were further reduced, and in some animals, bacteria were not detected (Fig. 4B) . Consistent with previous reports (27) , convalescent-phase serum from B. bronchiseptica-infected rats also resulted in the lowering of bacterial numbers in the lungs at 3 days postchallenge and the clearing of infection from both the tracheas and lungs of some mice at 7 days postchallenge ( Fig. 4A and B) . Control mice, which received preimmune rat serum or PBS prior to challenge, showed high bacterial burdens in the lower respiratory tract. In contrast to that observed in the tracheas and lungs, adoptive transfer of either the BcfA hyperimmune serum or anti-B. bronchiseptica serum had no significant effect on nasal septum colonization. These results thus suggest that the protection from B. bronchiseptica infections observed in the lungs and tracheas was mediated at least partially by antibodies generated in response to immunization with BcfA. Furthermore, these results also demonstrate that passively transferred BcfA antibodies are efficient in protecting mice against B. bronchiseptica challenge, similar to those generated during an infection with the wild-type bacteria.
Anti-BcfA sera are opsonic. To better understand the mechanism of passive protection, we next determined the levels of antibodies other than IgG and the various IgG isotypes present in the rat sera utilized for passive protection. While significant levels of IgM were detected in the anti-BcfA rat sera, no IgA was detected. Isotyping analysis also revealed that while IgG1 was the predominant isotype, IgG2a was present at lower levels (Fig. 5A) .
The presence of IgG1, IgG2a, and IgM in the immune serum has been correlated with high opsonic activity (42) . We examined the efficiency of BcfA hyperimmune rat serum to promote opsonization and phagocytosis of B. bronchiseptica by J774 murine macrophage cells (Fig. 5B) and RAW 264.7, the murine monocyte/macrophage cells. These cells are frequently utilized to study Bordetella pathogenesis and for phagocytic Average total score 3 Ϯ 1.2* 2.7 Ϯ 2** 10 Ϯ 5.4
a Mice were immunized with 10 or 30 g of BcfA adsorbed to alum or alum only and challenged with RB50 as described in the legend to Fig. 1 . Six days postchallenge, mice were sacrificed and the right lungs were harvested and processed for hematoxylin and eosin staining. The sections were examined by N. Kock in a manner that was blind to the treatment groups. The unpaired twotailed Student t test was used to compare pathology scores between BcfAimmunized and alum-immunized mice. ‫,ء‬ P Յ 0.05; ‫,ءء‬ P Յ 0.005; PMN, polymorphonuclear leukocyte.
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BcfA IMMUNIZATIONS PROTECT AGAINST B. BRONCHISEPTICA 889 on October 31, 2017 by guest http://iai.asm.org/ assays (24, 25, 41, 51) . Naïve rat serum or PBS was used as negative control. Opsonization with BcfA-specific sera increased the efficiency of uptake of RB50 by J774 macrophages compared to incubation with naïve rat serum or PBS (Fig. 5B) . In contrast, there were no significant differences in the uptake of the RKD 110 (⌬bcfA) strain on opsonization with either the BcfA-serum or naïve rat serum and PBS, thereby confirming the specificity of BcfA antibody-mediated opsonization. Similar results were obtained with the RAW 264.7 cells (data not shown). These results therefore suggest that one of the mechanisms for the observed BcfA-mediated protection is increased opsonization of B. bronchiseptica for phagocytosis. Neutrophils are critical for anti-BcfA antibody-mediated bacterial clearance. Neutrophils are a vital component of the immune responses responsible for clearing B. bronchiseptica infections, since neutropenic mice succumb to B. bronchiseptica infections within 1 to 4 days postinoculation (21, 28) . We hypothesized that neutrophils will be a critical component of the BcfA-induced protective immunity. To evaluate this possibility, we rendered mice neutropenic by injecting the antiGr1 antibody (RB6-8C5), which specifically depletes neutrophils without affecting resident and circulating macrophages and lymphocytes (11, 28) . Groups of four to five mice were administered either PBS or the RB6-8C5 antibody, followed by adoptive transfer of either naïve rat sera or the anti-BcfA sera from rats. Subsequently, these mice were inoculated with RB50. We examined only the lungs of these mice since the effect of passive transfer of serum on bacterial clearance is greatest in the lower respiratory tract (27) (Fig. 4) . Consistent with results presented in Fig. 4A , PBS-injected mice which received BcfA-specific sera had significantly lower numbers of bacteria in the lungs than those that received the naïve rat serum (Fig. 6) . In contrast, neutropenic mice (injected with RB6-8C5) that received BcfA-specific sera harbored comparatively greater numbers of bacteria in the lungs. These mice harbored greater than 1,000-fold more CFU in the lungs than those observed in PBS-treated control mice. As expected from previous results (28) (Fig. 4A and B) , neutropenic mice which received naïve rat serum also harbored high bacterial burdens in the lungs (Fig. 6) . The failure of adoptively transferred BcfA-specific sera to provide protection against B. bronchiseptica challenge in neutropenic mice suggests that neutrophils are required for anti-BcfA antibody-mediated clearance of B. bronchiseptica from the lower respiratory tract.
BcfA induces the production of high levels of IFN-␥ in ex vivo-stimulated splenocytes. In order to characterize the cellular responses stimulated by BcfA vaccination, we examined BcfA-induced cytokine production by splenocytes ex vivo. Groups of five mice received two successive (3-week interval) doses of either 30 g of BcfA adsorbed to alum or alum alone. Two and 4 weeks following the administration of the second dose, spleens were excised and processed as described in Materials and Methods, followed by stimulation with 10 g of BcfA. The culture supernatant was collected and analyzed for the production of IFN-␥ (a prototype Th1 cytokine), IL-4 (a prototype Th2 cytokine), IL-10, IL-12, and TNF-␣. BcfA-stimulated splenocytes, collected 2 weeks after immunization with BcfA, secreted large amounts of IFN-␥ and low levels of IL-4 ( Fig. 7, left) . Four weeks postimmunization with BcfA, there was an approximately threefold increase in the production of IFN-␥ on October 31, 2017 by guest http://iai.asm.org/ by splenocytes exposed to BcfA (Fig. 7) . However, IL-4 was not detected. Very little IL-10, IL-12, or TNF-␣ was detected in the cultures of splenocytes from BcfA-immunized mice incubated with BcfA. Restimulation of spleen cells from mice infected with alum alone produced either very low or undetectable levels of all the cytokines tested (Fig. 7) . These data are consistent with the conclusion that immunization with BcfA elicits a Th1-biased immune response with high levels of IFN-␥ production, which has been previously reported to contribute to efficient clearance of B. bronchiseptica infection (19, 37) . BcfA expression is prevalent in clinical isolates of B. bronchiseptica. The sequenced laboratory strains and clinical isolates of the three classical Bordetella spp. vary in the expression of different virulence factors (4, 16) . In order to strengthen the utility of BcfA-based therapeutics for treatment of B. bronchiseptica infections, it is critical to determine if BcfA is expressed by circulating clinical isolates of B. bronchiseptica. We performed SDS-PAGE and immunoblot analyses on the membrane fractions of a number of B. bronchiseptica strains isolated from a variety of animal species. Using the affinityenriched anti-BcfA serum, we detected the presence of a protein band in all the B. bronchiseptica strains tested here, which corresponded to the BcfA protein from RB50 (Fig. 8) .
DISCUSSION
There is an urgent need to search for new less-virulent or less-aggressive vaccines for B. bronchiseptica. Similar to the switch from whole-cell vaccines to cell-free vaccines for B. pertussis, there exists a strong rationale for the use of acellular vaccines containing defined antigens for B. bronchiseptica. A prerequisite toward development of these vaccines is a complete understanding of the antigens which elicit a protective immune response. In this report, we have examined the protective efficacy of the protein antigen, BcfA, in a murine respiratory challenge model of B. bronchiseptica. Immunization of mice with purified BcfA resulted in the lowering of bacterial burdens as early as 1 day postchallenge and complete clearance of B. bronchiseptica infection from the lower respiratory tract 6 days subsequent to challenge.
The observed protection due to immunization with BcfA appeared to be mediated by antibodies specific to BcfA. Active immunization with BcfA resulted in the production of high titers of IgG and IgM anti-BcfA antibodies in the sera of mice, suggesting the induction of a strong systemic response. In addition, IgG to BcfA was also detected in the lungs after challenge with RB50. Although it is possible that the lung IgG may be derived from systemic IgG reaching the lungs by passive diffusion, the presence of BcfA-specific antibodies in the lungs is important, since it shows the generation of a localized antibody response in the actual site of B. bronchiseptica colonization. Moreover, the BcfA immune serum but not the preimmune serum protected mice in the passive immunization and challenge experiments. While adoptive transfer of immune serum from mice infected or vaccinated with B. bronchiseptica 6 CFU of RB50 or RKD110 (⌬bcfA) was incubated with either 1% or 10% heat-inactivated anti-BcfA hyperimmune serum, 10% naïve rat serum, or sterile PBS at 37°C for 30 min, followed by incubation with 2 ϫ 10 5 J774 cells for 1 h. Extracellular bacteria were killed by treatment with 100 g/ml of gentamicin for 1 h, followed by washing twice with sterile PBS to remove adherent bacteria. The cells were lysed, and the CFU of phagocytosed bacteria were determined by plating on BG-agar containing SM. Results are expressed as fold CFU of intracellular bacteria over the PBS treatment and are representative of three independent experiments performed in triplicates. Bars represent means Ϯ standard deviation. Statistical analysis was carried out using the unpaired two-tailed Student t test. An asterisk indicates the P value of Յ 0.05. nation with BcfA or were the major antibody isotypes present in the hyperimmune serum. Although the exact mechanism by which different IgG subclasses protect against B. bronchiseptica is not clear, in general these antibodies induce efficient opsonization and phagocytosis of the bacteria. Indeed, we found that anti-BcfA serum led to greater internalization of B. bronchiseptica cells by macrophages. These data thus suggest that one of the mechanisms of BcfA-mediated protection is by induction of large amounts of specific antibodies with high opsonic activity, which leads to enhanced phagocytosis. In addition to the role of antibodies, we also investigated the contribution of cell-mediated immunity in BcfA-induced protection. Immunization with BcfA preferably induced a Th1 response with high IFN-␥ production. Production of this cytokine has previously been shown to be important for clearance of B. bronchiseptica (19, 37) . The dominant Th1 pattern observed due to vaccination with BcfA was also consistent with the titers of major BcfA-specific IgG isotypes. In all of the vaccinated mice, IgG2a was detected, whereas IgG1 was the major isotype in the hyperimmune BcfA-specific rat serum. Although the correlation between induction of different IgG subclasses and Th1/Th2 activity has not been extensively characterized, IgG2a in the mouse and IgG1 in the rat are Th1 cytokine-driven antibody subclass (7, 10, 36) . Very little is known about specific cellular immune responses generated as a result of vaccination with B. bronchiseptica proteins. However, our results demonstrating the induction of a Th1 response by B. bronchiseptica BcfA are different from the Th2 response induced by component vaccines against B. pertussis. In contrast to acellular vaccines, infection with B. bronchiseptica and B. pertussis and immunization with the respective whole-cell vaccines induce a Th1-type response (1, 33, 35, 40) . CD4
ϩ Th1 cells have been demonstrated to result in moreefficient immunity to B. pertussis than CD4 ϩ Th2 cells (1) . Induction of a Th1-type response and IFN-␥ production as a consequence of BcfA immunization might explain the superior protective efficacy of this protein even when administered as a single antigen.
An important prerequisite toward the development of individual protein-based therapeutics for treatment of bacterial infections is the ubiquitous demonstration of its expression among circulating isolates. We have demonstrated that BcfA is expressed by a wide variety of B. bronchiseptica strains isolated from multiple animal species. These data further strengthen the utility of BcfA as a potential vaccine candidate. Previous studies demonstrated that individual immunization with B. pertussis antigens such as Fha, pertactin, and pertussis toxin imparts reasonable protective efficacy. However, vaccines containing multiple components lead to enhanced protection compared to monocomponent vaccines (35) . Similarly, we believe that despite the remarkable efficacy of BcfA, a multivalent vaccine containing other known Bordetella antigens such as Fha, pertactin, or fimbriae will be more efficacious. Future studies will have to address whether immunization with BcfA alone or that with composite vaccines will protect against infection in large animals like pigs and dogs, in which B. bronchiseptica causes disease. Finally, the broader potential utility of BcfA as a vaccine candidate is highlighted by our preliminary results, which demonstrate the presence of polypeptides that cross-react with anti-BcfA serum in the closely related human pathogens B. pertussis and B. parapertussis (our unpublished results). We are currently investigating whether these bands correspond to orthologs of BcfA and whether BcfA can confer protection against these human-adapted species. A positive outcome will be highly significant and will promote the inclusion of BcfA in the current acellular vaccines for B. pertussis.
